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The zebrafish is a useful model for understanding
normal and cancer stem cells, but analysis has
been limited to embryogenesis due to the opacity
of the adult fish. To address this, we have created
a transparent adult zebrafish in which we trans-
planted either hematopoietic stem/progenitor cells
or tumor cells. In a hematopoiesis radiation recovery
assay, transplantation of GFP-labeled marrow cells
allowed for striking in vivo visual assessment of en-
graftment from 2 hr–5 weeks posttransplant. Using
FACS analysis, both transparent and wild-type fish
had equal engraftment, but this could only be visual-
ized in the transparent recipient. In a tumor engraft-
ment model, transplantation of RAS-melanoma cells
allowed for visualization of tumor engraftment, prolif-
eration, and distant metastases in as little as 5 days,
which is not seen in wild-type recipients until 3 to 4
weeks. This transparent adult zebrafish serves as
the ideal combination of both sensitivity and resolu-
tion for in vivo stem cell analyses.
INTRODUCTION
Transplantation of hematopoietic stem cells into immunosup-
pressed recipients has been used over the past three decades
as a treatment for diseases such as leukemia (Machida et al.,
1999). In animal models, hematopoietic stem/progenitor cell
(HSPC) activity of a given population is assessed by analyzing
multilineage engraftment of bone marrow or peripheral blood
of recipient animals (Uchida et al., 1994). Recently, tumor
stem cells have been shown to exist for breast cancer (Al-Hajj
et al., 2003) and medulloblastoma (Singh et al., 2004). These
rare cells, which are thought to form the seed from which all other
tumor cells arise, have been isolated by selecting for cells (i.e.,
CD133+) that can be repeatedly propagated in serial transplan-
tation studies (Piccirillo et al., 2006). It is evident that tumor cells
undergo a homing process after transplantation (Ninomiya et al.,
2007), which is particularly dependent upon the site of transplan-
tation. Transplantation of cancer cells, either purified or not, has
long been utilized as an assay for demonstrating metastaticcapacity (Gupta et al., 2005; Yang et al., 2004). Both HSPCs
and tumor cells home to similar sites within the bone marrow
vascular compartment of mice, an interaction that is critically de-
pendent upon the SDF1-CXCR4 pathway (Sipkins et al., 2005).
Prior work from our laboratory has demonstrated that the ze-
brafish is a useful model for understanding the genetics of
both HSPC (Burns et al., 2005; Traver et al., 2004a) and tumor
stem cell biology (Langenau et al., 2007). As in murine and hu-
man systems, however, the in vivo spatial resolution of the adult
animal is limited due to the normal opacification of skin and sub-
dermal structures. Current in vivo imaging techniques, such as
bioluminescence, PET, CT, or MRI, each have specific disadvan-
tages in terms of resolution, sensitivity, or the need for costly
equipment.
Because the in vivo behavior of stem cell populations is con-
siderably more complex than in vitro models can offer, we now
describe a transparent adult zebrafish model in which the dy-
namics and spatial characteristics of stem cell transplantation
can be fully characterized at the single cell level in an intact in vivo
vertebrate system that is amenable to genetic manipulation.
RESULTS
Combinatorial Pigmentation Mutants Yield
Transparent Adult Zebrafish
The characteristic adult pigmentation pattern of the zebrafish
consists of three distinct classes of pigment cells arranged in
stripes (Figure 1A): black melanophores, reflective iridophores,
and yellow xanthophores (Rawls et al., 2001). The nacre mutant
(Figure 1B) has a complete lack of melanocytes due to a mutation
in the gene encoding the mitfa gene. (Lister et al., 1999). The roy
orbison (roy) zebrafish (Figure 1C) is a spontaneous mutant and
has a complete lack of iridophores, uniformly pigmented eyes,
sparse melanocytes, and a translucency of the skin. The gene
responsible for this mutant phenotype is currently unknown.
Fish that are doubly mutant for nacre and roy are shown in
Figure 1D. This line, which we have named casper for its ghost
like appearance, demonstrates a complete lack of all melano-
cytes and iridophores in both embryogenesis and adulthood.
Most strikingly, the body of the fish is almost entirely transparent.
In female adults, individual eggs are easily observable, as seen in
Figure 1D. We compared the optical transparency of the casper
line to several commonly used zebrafish pigmentation mutants,
including golden, albino, rose, and panther. Organs that can be
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heart, intestinal tube, liver, and gallbladder. Brain tissue is visible
to a small extent. None of these organs are easily visible in any
of the other pigment mutants studied (see Figure S1 available
online) other than the heart and intestinal tube in rose. Examina-
tion of the cardiac region of the casper mutant (Movie S1) shows
that ventricular contraction can be observed, making this mutant
useful for in vivo analysis of genetic perturbations in cardiac
function. The casper mutant is entirely viable, with incrossed
adults producing large numbers of viable offspring at expected
mendelian ratios and no heterozygous phenotype.
Ocular and Skin Transparency Is Due to Loss
of Iridophore Crystals
Casper fish were sectioned and stained with hematoxylin and
eosin, as well as Masson’s trichrome to identify collagenous fi-
bers. The gross morphology of the casper eye is normal, with
maintenance of the scleral-corneal border and normal pig-
Figure 1. Combinatorial Pigmentation Mutants Yield Transparent
Adult Zebrafish
Zebrafish pigmentation mutants exhibit defects in specific neural crest-de-
rived populations. A wild-type zebrafish (A) demonstrates alternating patterns
of deeply pigmented stripes comprised largely of melanocytes. The interstripe
regions, devoid of melanocytes, contain primarily reflective iridophores and
yellowish xanthophores. The nacre mutant (B), due to loss of mitf, shows
a loss of embryonic and adult melanocytes with a compensatory increase in
iridophore numbers. The roy orbison mutant (C), whose genetic defect is cur-
rently undefined, shows a striking abnormality of eye pigmentation, a severe
disruption of melanocyte numbers/patterning, and a complete loss of the irido-
phore layer. The compound roy;nacre double homozygous mutant (D), which
we have named casper, shows the effect of combined melanocyte and irido-
phore loss in which the body of the adult fish is largely transparent due to
loss of light absorption and reflection.
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sence of the scleral iridophore layer (Figure 2A, arrow), which is
demonstrated by the loss of refractive crystalline plates (Clothier
and Lythgoe, 1987) referred to as schemochromes. In wild-type
animals, the pigmented retinal epithelium is normally obscured
by the reflective iridophores; their absence in roy mutants ex-
poses the black cells across the entire surface of the eye.
The iridophores of the skin are a dermal-hypodermal structure
which are normally intimately connected to the surrounding xan-
thophores and lie just above the trunk skeletal muscle (Le Guel-
lec et al., 2004). While wild-type fish (Figure 2B, arrow) show
a substantial layer of these reflective cells, the casper mutant
has a complete absence of this layer, while the remaining skin
structures are relatively intact, including epidermal scales and
dermal collagen fibers as demonstrated by Masson’s trichrome
stain (data not shown). These data suggest that the relative
transparency of the casper mutant is due to a combination of
melanocyte loss (which normally absorbs incident light and pro-
tects subdermal structures) and iridophore loss (which normally
reflect incident light away from the internal organs).
The Transparent casper Mutant Reveals Timing
and Homing of Hematopoietic Stem Cells
to the Marrow Compartment
Prior work from our laboratory has demonstrated that the trans-
plantable hematopoietic stem/progenitor (HSPC) marrow popu-
lation resides within the adult kidney, and can be isolated using
flow cytometric analysis of forward and side scatter (Traver et al.,
2003). We isolated whole kidney marrow from beta-actin:GFP
transgenic fish (which labels all cell types except red blood cells)
and performed intracardiac (ventricular) transplantation of
100,000 whole kidney marrow cells along with 200,000 carrier
red blood cells into a recipient casper mutant that had previously
been irradiated with 25 Gy. At 4 hr posttransplant, a pool of blood
surrounds the cardiac chambers, which likely represents ex-
travasated blood in the pericardial sac. Within 2 weeks
(Figure 3A, left), a GFP-labeled population of cells is seen within
the region of the zebrafish kidney as well as in the gill vascula-
ture. By 4 weeks, a significant increase in the size and distribu-
tion of this GFP-labeled population can be easily visualized
and is now largely confined to the anatomical area of the kidney
of the fish (Figure 3B, right). For comparison, a wild-type fish
transplanted in an identical manner is shown, demonstrating
that essentially no GFP can normally be seen in an opaque adult.
These data suggest that the transparent casper mutant allows
for ready visualization of hematopoietic progenitor engraftment
after a sublethal dose of 25 Gy, consistent with short-term hema-
topoietic engraftment.
The kidneys were dissected from the 4 week posttransplant
fish (both casper and wild-type) and analyzed for their forward/
side scatter profile as well as GFP. Although no GFP can be visu-
alized with a fluorescent stereoscope in the wild-type, a normal
distribution of hematopoietic cells is seen at 4 weeks posttrans-
plant, and many of these cells are GFP positive (Figure 3B, top).
Based on the scatter profile, multilineage engraftment has oc-
curred, which indicates that the engrafted cells represent a prim-
itive hematopoietic population. The kidney from the casper
mutant shows a similar reconstitution of hematopoietic lineages
which are also GFP positive to the same degree (Figure 3B,
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of GFP-positive cells in the casper mutant is indeed indicative of
marrow reconstitution.
Recipient fish at 4 weeks posttransplant were fixed and pro-
cessed for H&E and anti-GFP IHC. Kidney sections show large
numbers of hematopoietic cells (H) surrounding the tubules (T)
and glomeruli (G) of the kidney (Figure 3C, left), consistent with
previous observations (Traver et al., 2004b). All of the hemato-
poietic cells are strongly GFP-positive by IHC (Figure 3C, right,
brown staining), whereas none of the kidney tubule cells stain
for GFP. This confirms the proper homing of the GFP-labeled
marrow cells back to the kidney marrow of the recipient casper
fish.
Because one of the major advantages of an optically clear
adult animal is the ability to achieve single-cell resolution in
a live animal, we next used confocal microscopy on adult zebra-
fish that had been transplanted with beta-actin GFP HSPCs 4
weeks earlier. Imaging of a transplanted wild-type recipient
yielded no discernable GFP signal due to the opacity of the nor-
mal skin. In contrast, the casper mutant allowed for identification
of cells both singly and in clusters (Figure 3D) at a resolution of
approximately 5 mm. The maximal depth of field achieved with
a Zeiss confocal microscope was 88 mm from the surface of
the skin.
To ensure that the casper mutant will be generally applicable
to stem cell biologists, we measured survival after HSPC
transplant in wild-type and casper recipients. As shown in
Figure 3E, although both groups show an initial procedural
Figure 2. Ocular and Skin Transparency Is Due to Loss of Iridophore
Crystals
Transverse section of wild-type (A) and casper (roy;nacre) eyes (B) demon-
strates that the uniformly pigmented eye in the mutant line is primarily due to
a loss of reflective iridophores in the sclera (arrow shows iridophores in wild-
type fish), which then exposes the black underlying pigmented retinal epithe-
lium. The remaining eye structures appear intact. Transverse sectioning of the
adult skin from wild-type (C) and casper (D) shows a thick layer of iridophore
crystals in the hypodermis of the wild-type adult (arrow) but a complete loss
of this cell layer in the casper skin. Light that would normally be intercepted
by epidermal/dermal melanocytes can penetrate deeply into the hypodermis
of the mutant and is not reflected away due to the lack of iridophore crystals.
This allows for deep tissue penetration of normal wavelength length. M, muscle
layer; D, dermis; Ir, iridophores, C, corneal surface.mortality, there is no significant difference in survival between
the groups, indicating that casper will function similarly to wild-
type animals in transplant studies.
The casper Mutant Allows for Rapid Identification
of Transplanted Tumor Cells
We next assessed whether the transparent casper zebrafish
could be used to analyze in vivo tumor engraftment and migra-
tion after transplantation. Stable transgenic zebrafish carrying
either the mutated human B-raf or N-ras-GFP fusion oncogene
under the control of the melanocyte specific mitf promoter
were crossed to p53/ fish. These fish reliably develop highly
aggressive melanoma in 4–12 months. A tumor from an adult
fish was disaggregated into a single cell suspension, and
200,000 cells were transplanted either into the ventral perito-
neum (IP) or via intraventricular (IC) injection into an irradiated
casper recipient. Within 5 days post-IP transplantation of the
NRAS-GFP melanoma (Figure 4A, top), a large mass of deeply
pigmented tumor cells could be visualized within the peritoneum.
In addition, a small number of cells have localized to the dorsal
epidermal scales (Figure 4A, top, circled). The pattern of engraft-
ment at 5 days in the intracardiac recipients of NRAS-GFP cells
(Figure 4A, bottom) largely reflects local deposition of tumor cells
along the transplantation tract, although some cells can be seen
migrating dorsally. The inset of Figure 4A (bottom) demonstrates
that the tumor cells (taken at 10 days posttransplant) continue to
be strongly GFP positive and indicates that they could be local-
ized even in the absence of black pigmentation. In Figure 4B,
a large mass is seen 14 days after IP transplantation of
200,000 BRAF;p53 melanoma. Mediolateral and ventral views
of this tumor allow for three-dimensional calculation of tumor vol-
ume (in this case 1496 mm3). The ability to calculate 3D tumor
volume and whole body distribution of tumor cells provides an
important quantitative analysis of engraftment after small num-
bers of tumor cells and offers the potential for monitoring
in vivo effects of therapeutically useful molecules.
We repeatedly imaged a single recipient fish over a period of 4
weeks using standard stereomicroscopy in order to quantify tu-
mor growth over time. As shown in Figure 4C, this individual fish
is fully viable over this period of time, and the tumor volume can
be assessed at each time point without sacrificing the animal.
Because nonmelanized but fluorescently labeled tumor cells
can be visualized in the same manner, this tumor transplant
model should be amenable to virtually any transplantable tumor.
Finally, to explore the utility of casper as a tool in understand-
ing metastatic progression, we examined each fish that had
been transplanted with BRAF;p53 melanoma cells for evidence
of tumor dissemination. Between 5 and 28 days posttransplant,
9/24 (37.5%) of all transplant recipients had evidence of distant
metastasis, with the peak of initial dissemination occurring be-
tween 5 and 10 days. In Figure 4D, two representative fish are
shown, with the initial site of implantation demonstrated by the
arrow. In the left-hand figure, very widespread dissemination is
seen throughout the animal, both as single cells as well as in
clusters of cells. In the right-hand figure, a small cluster of indi-
vidual cells (see inset) have disseminated far away from the im-
plantation site and have become embedded in the dorsal skin.
At least one of these cells has the stellate appearance of a migra-
tory melanoma cell. Because there are no pigmented cells
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Transparent Adult Zebrafish for TransplantationFigure 3. The Transparent casper Mutant Reveals Timing
and Homing of Hematopoietic Stem Cells to the Marrow
Compartment
Whole kidney marrow from beta actin:GFP-labeled donors was trans-
planted into either wild-type (n = 6) or casper (n = 6) irradiated recipi-
ents via intracardiac (IC) injection of 100,000 cells. Fish were imaged
from 4 hr until 5 weeks posttransplant at once weekly intervals. At 2
weeks ([A], left), GFP-positive cells can be seen to circulate and
home to the region near the gills and head kidney of the recipient
only in the casper line. By 4 weeks ([A], right), a population of GFP-pos-
itive cells is tightly localized to the zebrafish kidney, where most adult
hematopoietic tissue is known to reside. The GFP-positive cells can
only been seen in the transparent casper recipient. To confirm that
the GFP-labeled cells represented true hematopoietic cells, whole
kidney was isolated from wild-type and casper recipients at 4 weeks
and subject to FACS analysis (B). Both the wild-type ([B], left) and
transparent mutant ([B], right) repopulated their kidney marrow with
a full repertoire of hematopoietic lineages. In both types of recipients,
a subset of the sorted cells was GFP positive (19%–22%), as is ex-
pected in a mosaic transplantation assay. In (C), histological analysis
of the casper transplant recipient is shown at 4 weeks posttransplant.
H&E staining ([C], left) shows a robust population of hematopoietic
cells (labeled ‘‘H’’) intertwined with normal kidney glomeruli (labeled
‘‘G’’) and tubules (labeled ‘‘T’’). Immunohistochemistry using an anti-
GFP antibody ([C], right) demonstrates that only the hematopoietic cells are strongly GFP positive (brown staining), whereas the kidney tubules and glomeruli
are negative. Confocal laser scanning was used to examine a transplant recipient at 4 weeks posttransplant (D) and demonstrates easily discernible single
GFP-positive cells in the kidney marrow space. Survival after transplantation was identical in wild-type versus casper mutants (E). Scale bar, 10 mm.between the primary mass and this single dorsal cell, this sup-
ports the concept that these cells represent dissemination
from the primary transplant. In a similarly transplanted wild-
type fish, no visible tumors are seen until 2 to 3 weeks posttrans-
plant, and metastatic cells are not detectable. Although the
mechanism of such early and widespread dissemination is un-
clear at this point, it may represent the accumulation of complex
genetic changes in the BRAF;p53 donor cells, since the donor tu-
mors had been present for well over a month. In the future, we
plan on studying the factors that determine the capacity for
transplanted cells to undergo early dissemination, as well as
the mechanism of the ‘‘switch’’ between disseminated microme-
tastatic disease and bulk macrometastases.
DISCUSSION
The casper Mutant as a Model for In Vivo Imaging
of Stem Cell and Tumor Biology
The data presented here demonstrate that the optical properties
of the casper fish offers a unique combination of high resolution
(5 mm), sensitivity, and amenability to deep tissue imaging with
commonly available laboratory equipment. Although similar to
the ‘‘see through’’ medaka strain (Wakamatsu et al., 2001), the
zebrafish has become a more commonly utilized tool for study-
ing stem cell and tumor biology and should be broadly applicable
to stem cell researchers. One limitation of this line is that it re-
quires that both mutations (nacre and roy) be present in the ho-
mozygous state, which will require at least two breeding cycles
to take advantage of currently available transgenic lines. In addi-
tion, because the mutation in roy is currently unknown (but under
active investigation), it is possible that this gene defect may af-
fect some unknown aspects of tumor or stem cell biology, al-
though it clearly does not affect survival. Identification of the
roy defect will help clarify this point. Finally, imaging of very
186 Cell Stem Cell 2, 183–189, February 2008 ª2008 Elsevier Inc.deep tissues may require multiphoton microscopy, which is cur-
rently experimental in the zebrafish system.
Comparison of the Transparent Zebrafish to Currently
Available In Vivo Imaging Techniques
In vivo imaging is a critical counterpart to studying molecular
processes in cell culture systems (Koo et al., 2006). The goal of
all imaging techniques is to combine resolution (i.e., single or
subcellular) with sensitivity (whole-animal or organ) to gain
a comprehensive understanding of processes that have unique
in vivo behavior, such as tumor metastasis and stem cell homing.
Current in vivo imaging of small animals consists of several
techniques, summarized in Table S1, that are often used in
complement.
Bioluminescence has been utilized to detect engraftment and
hematopoietic reconstitution after transplantation of luciferase-
positive HSC populations (Welsh and Kay, 2005; Cao et al.,
2006). Although bioluminescence had high sensitivity in this
study, it had limited spatial resolution (on the order of 1–10
mm), required several minutes of imaging per animal, showed
detection of light from deep tissues is limited, and requires intra-
venous administration of substrate. Whole animal imaging using
bioluminescent marking of transplanted tumor cells has the ca-
pacity to give broad pictures of tumor metastasis using cells
such as uveal melanoma (Notting et al., 2005) or lung cancers
(Zacharakis et al., 2005), but the sensitivity of this technique is
somewhat limited in metastasis since bioluminescent evidence
of metastatic spread can take 4 weeks or more to detect. Our
ability to detect clearly evident metastases in as few as 3–5
days is unique among vertebrate models, and the resolution is
such that single metastatic cells can be easily visualized using
standard stereomicroscopes. In addition, bioluminescence has
met with only limited success in the zebrafish system (Creton
et al., 1997; Kaneko and Cahill, 2005).
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method of analysis of gene function in zebrafish embryos; image
acquisition is rapid, but is of limited use in adult wild-type zebra-
fish. Our data indicate that the useful range of the stereomicro-
scope can be considerably extended to the adult fish, in both
the visible and fluorescent ranges, due to the optical clarity of
our model. When combined with confocal microscopy, single
cell resolution is easily achievable, and the use of dual-photon
confocal microscopy is likely to yield much greater depth of im-
age resolution in the casper line. Crossing the casper line to the
numerous transgenic lines that label vasculature (i.e., fli-GFP,
shown in Figure S2) or internal organs with fluorescent tags
(i.e., pdx-GFP for pancreas, LFABP-GFP for liver) may be of con-
siderable use to those interested in in vivo analysis of angiogen-
esis, organ homeostasis and regeneration after injury. However,
direct injection of transgenic constructs in the casper back-
ground may be advantageous since it eliminates the need for
complex breeding strategies to maintain double homozygosity
of roy and nacre.
Although microCT, MRI, and PET scans each have consider-
able advantages in terms of whole-body imaging, they all re-
quire highly specialized equipment, significant optimization,
and intravenous contrast agents. MRI is a useful technique for
Figure 4. The casper Mutant Allows for Rapid Identification of
Transplanted Tumor Cells
mitf-NRAS-GFP;p53/ (A)-driven melanoma cells were transplanted into cas-
per adults into either the peritoneum (IP, n = 6) or via intracardiac injection (IC,
n = 5) at a dose of 200,000 cells. By 5 days post-IP transplant of NRAS-GFP
cells ([A], top), a large deeply pigmented intra-abdominal mass could be seen
(n = 3/6 fish) as well as spread to the dorsal epidermal scales (circled area). After
IC injection of NRAS-GFP cells ([A], bottom), the cells proliferated and enlarged
along the needle tract but did not appear to spread to distant sites. The inset,
taken at 10 days posttransplant, shows that the cells continue to be strongly
GFP positive. In (B), IP transplantation of mitf-BRAF;p53/ melanoma cells
demonstrates 14 day engraftment within the peritoneal cavity. Mediolateral
and ventral views allow for calculation of three-dimensional tumor volume. In
(C), repeated imaging of the same fish over a 1 month period demonstrates
gradual increase in tumor volume without the need for sacrifice of the recipient.
In a study of 24 transplant recipient fish, 37.5% were found to develop distant
metastasis, examples of which are shown in (D). Single migratory (stellate
appearing) melanoma cells ([D], right, inset box) have migrated far from the
transplantation site and embedded in the dorsal skin.visualizing transplanted cells in vivo and has a spatial resolution
of 25–50 mm but requires a significant amount of magnetic dye
treatment of transplanted cells, has limited sensitivity, and re-
quires considerably complex and expensive equipment (Lee
et al., 2007; Lyons, 2005). PET imaging, which can detect rela-
tively small numbers of tumor cells, requires radioactive labeling
of cell populations, is only moderately sensitive, and necessi-
tates small animal PET scanners, which are not broadly avail-
able (Beckmann et al., 2007; Tai et al., 2005). Another concern
is the dose of radiation in both CT and PET that would need
to be delivered to the fish to achieve adequate resolution, which
may have independent biological effects (Paulus et al., 2000;
Pickhardt et al., 2005). Although each of these techniques will
likely have a future role in zebrafish imaging, none currently
offers the rapidity, cellular resolution, and sensitivity that fluores-
cent microscopy offers that is achievable in the casper zebra-
fish.
Future Applications
The development of a robust, fertile, and easily maintained trans-
parent adult zebrafish provides an important adult complement
to the studies that are achievable in the transparent zebrafish
embryo. Our data suggests that the casper fish will serve as
a useful platform for researchers interested in processes such
as stem cell engraftment and homing. For cancer biologists, it
opens a window onto longitudinal analysis of tumor growth, inva-
sion, metastases and angiogenesis at an anatomic resolution not
readily achievable in murine or other systems. When combined
with transgenic lines that label structures such as the vasculature
(i.e., fli-GFP) or epithelium (i.e., keratin-GFP), a detailed under-
standing of the manner in which individual stem cells interact
with their endogenous niche can be analyzed. Because the adult
zebrafish is well suited to genetic and small molecule based
screens, the casper fish will allow for detailed in vivo study of
stem and cancer biology in a vertebrate organism with great rel-
evance to human biology.
EXPERIMENTAL PROCEDURES
Zebrafish Husbandry
Zebrafish were bred and maintained in the Karp fish facility, in temperature
(28 C), pH (7.4), and salinity-controlled conditions. All fish were maintained
in a 14 hr on/10 hr off light cycle.
Generation of Compound Mutant Lines
Lines used in these studies included wild-type (AB), tg(beta-actin:GFP) kindly
provided by Ken Poss, roy orbison (provided by the Dowling lab at Harvard),
panther/rose (provided by the Parichy laboratory at University of Washington),
nacre (provider by the Lister lab at Virginia Commonwealth University). The
p53, golden, and albino lines are maintained in our laboratory, as previously
described. The tg(mitf:NRAS-GFP) line was developed by Michael Dovey in
the Zon laboratory (manuscript in preparation). The tg(mitf:BRAF) line was
described previously.
In Vivo Microscopy
Adult animals were anesthetized with 0.2% Tricaine in E3 fish water. After
mounting on a fixed plastic or agarose plate, whole animal images were taken
with a Nikon D200 digital camera using an adjustable flash system. For fluores-
cent and magnification views, a Zeiss Discovery V8 stereomicroscope with
a 1.23 PlanApo lens and GFP/RFP filters was used. Images were captured
using Zeiss proprietary software and analyzed using ImageJ.
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Transplant recipient zebrafish were embedded in 1% low-melting-point aga-
rose containing 0.04 mg/ml Tricaine-S in glass-bottom culture dishes. Confo-
cal microscopy was performed for GFP-positive cells using a Zeiss LSM Meta
confocal microscope.
Histological Analysis
Adult fish were fixed in 4% paraformaldehyde overnight. After processing and
paraffin embedding, 5 mm sections were cut in either longitudinal or transverse
sections. Staining was done with either hematoxylin and eosin or Masson’s tri-
chrome for collagen analysis. For immunohistochemistry, sections were coun-
terstained with eosin and stained using an anti-GFP antibody (Upstate, catalog
no. 06-896).
Zebrafish Whole Kidney Marrow Transplantation
Hematopoietic transplantation was done as previously described, with the fol-
lowing modifications: whole kidneys from beta actin:GFP donor fish were dis-
sected using forceps and placed in 0.93 PBS/5% FCS. Manual disaggrega-
tion using a P1000 pipette resulted in single cell suspensions. Cells were
filtered over a 40 mm nylon mesh filter, and resuspended in PBS/FCS to give
a final concentration of 100,000 cells/ml.
Recipient fish were irradiated with 25 Gy of gamma irradiation 2 days prior to
transplantation and allowed to recover in standard fish water. On the day of
transplant, recipients were anesthetized in 0.2% Tricaine. Using a Hamilton sy-
ringe, 5 ml of cell suspension was transplanted into the cardiac chamber, and
the fish immediately returned to fresh fish water. Recipients were kept off of
system water (to minimize infectious risk) for 1 week and fed standard flake/
brine shrimp meals.
FACS Analysis of Recipient Kidney Marrow
At 4 weeks posttransplant, recipient fish were sacrificed with an overdose of
tricaine and kidney marrow cells isolated as above. FACS sorting of single cells
were analyzed for forward/side scatter profiles as well as GFP fluorescence.
FACS data were analyzed using FloJo software.
Zebrafish Melanoma Transplantation
A single melanoma from a stable tg(mitf:NRAS-GFP);p53/ or tg(mitf:
BRAF);p53/ adult was dissected from from skin and underlying connective
tissue and placed in a dish with 100 ml of 0.93 PBS/0.1 mg/ml Liberase. The
tumor was minced and manually disaggregated with razor blades, with addi-
tional Liberase solution applied as needed to maintain hydration. After 1 hr
of digestion, the reaction was stopped by the addition of 5% FCS. The cell sus-
pension was filtered as above and resuspended to a final concentration of
50,000 cells/ml. Cells were transplanted into previously irradiated recipients,
as above, using 5 ml into either the peritoneal cavity or via intracardiac injection.
Supplemental Data
The Supplemental Data include two figures, one table, and one movie and can
be found with this article online at http://www.cellstemcell.com/cgi/content/
full/2/2/183/DC1/.
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